The degree of genetic polymorphism at the DRB3 locus in the major hlstocompatibility complex (Mhc) of the North American bison was investigated by PCR and DNA sequence analysis. Nine different alleles were characterized in a selected sample of 20 animals. The genetic distances between alleles were as large as usually found at highly polymorphic Mhc loci In other species. A comparative analysis of the DRB3 polymorphism in bison and cattle revealed an extensive sharing of sequence motifs. The result clearly shows a transspecles persistence of DRB3 allelic lineages In the two species. Consequently a significant amount of Mhc polymorphism has been maintained through the population bottleneck that bison experienced in the late nineteenth century. An analysis of the pattern of sequence polymorphism among bison and cattle DRB3 alleles strongly suggested that Interallellc recombination has contributed significantly to the generation of allelic diversity at this locus.
Major hlstocompatibility complex (Mhc) class I and class n genes encode membrane-bound molecules that play a key role in the Initiation of an immune response (Cresswell 1994; Klein 1986 ). The Mhc class I and D molecules are structurally strikingly similar, and they are both expressed on the surface of antigen-presenting cells as heterodimeric molecules. The Mhc class I molecules present endogenously derived peptides to cytotoxlc T cells, while Mhc class II molecules present exogenously derived peptides to T helper cells. A hallmark of Mhc genes is the presence of an extensive genetic polymorphism documented in a number of species including human, mouse, and several domestic species (Klein 1986 ). The Mhc polymorphism has several characteristics: (1) the number of alleles per locus is often very high, that is, 20 or more; (2) alleles often differ by a large number of amino acid substitutions (more than 10 for class U loci), which is in contrast to most other genetic systems where alleles differ by one or few substitutions; (3) polymorphism occurs predominantly in functionally important regions, whereas most other loci show polymorphism predominantly in regions that are less functionally important; (4) and there transspecles persistence of allelic lineages, that is alleles are older than the species (Klein 1980) . There is good evidence showing that Mhc polymorphism is maintained by some kind of balancing selection (Hedrick and Thomson 1983; Hughes and Nei 1988; Takahata and Nel 1990) .
North American bison (Bos bison, LJnneaus, or more commonly denoted Bison bison) and domestic cattle (Bos taurus, Bos indicus, LJnneaus) are very closely related and they are assumed to share a common ancestor present 1-1.5 million years BP (see Loftus et al. 1994) . The karyotype (2n = 60) and antlgenlc structures of the red blood cells of the two species are very similar (Stormont et al. 1961) . Bison-cattle matings produce viable offspring, especially when domestic bulls are used on bison cows; but when the cross is made in the opposite direction, hydrops amnia leads to very heavy losses of both calves and dams (Gray 1954) . As Gray points out, the female hybrids are fertile, but the males are invariably sterile.
"Bison once roamed central North America from the Atlantic Coast (almost) to the Pacific Coast in numbers estimated at 60,000,000. By 1889, wanton killing of the herds had reduced the bison to fewer than 1000" (Hall and Kelson 1959) . Through the establishment of a number of national and state parks (e.g., Custer State Park in South Dakota, and the MacKenzie Population in the Northwest Territories, Canada), and more recently the establishment of many private herds, bison have made a remarkable comeback and now number close to 100,000. About 16-17 generations have reconstituted the population to the present status.
The objective of this study was to characterize genetic polymorphism at the bison homologue of the cattle Mhc class II DRB3 locus; DRB3 encodes a DR B-chain molecule and is the most polymorphic class II locus in cattle (Mikko and Andersson 1995a) . This locus has previously been investigated in the American bison by PCR-RFLP analysis (Morris et al. 1994 ), and at least 13 different alleles were revealed in a sample of 469 animals. There are several reasons for our interest to further characterize this locus by DNA sequence analysis. First, the knowledge concerning the genetic diversity at Mhc loci in natural populations is still very limited and this work is part of an ongoing comparative study of DRB polymorphism In ungulates (Mikko and Andersson 1995a, b) . Second, since bison and cattle are closely related, a comparative study of shared allelic lineages gives an opportunity to study the tempo and mode of Mhc evolution. Finally, Mhc studies in bison are of Interest because this species has gone through a well-documented population bottleneck, which would be expected to affect the degree of Mhc polymorphism. As previous studies have suggested, population bottlenecks are the most likely explanation for the low Mhc diversity observed in cheetah (O'Brien et al. 1985) , beaver (Ellegren et al. 1993) , and moose (Mikko and Andersson 1995b; Ellegren et al. 1996) .
Materials and Methods

Anlmnla
Blood samples from North American bison (Bison bison) were collected. Twenty individuals were selected based on the previous PCR-RFLP typings of Mhc-DRB3 (Morris et al. 1994 ). These animals originated from three different herds in the United States: Wind Cave National Park and Custer State Park (South Dakota), and National Bison Range (Montana).
DNA Methods
Genomic DNA was prepared from whole blood using the QIAamp kit (QIAGEN, Santa Clarita, California). PCR amplification of the DRB3 exon 2 was performed with the cattle-specific primers LA31 and LA32 as described (Sigurdard6ttlr et al. 1991) . PCR products were subjected to single-strand conformation polymorphism (SSCP) analysis to distinguish homozygous and heterozygous animals. The homozygotes were directly sequenced, on both strands, as described by Mikko and Andersson (1995b) , while amplification products from heterozygotes were subcloned in a pT7Blue T-vector (Novagen, Madison, Wisconsin). Inserts were PCR amplified and analyzed on SSCP gels. Two clones per allele showing correct SSCP patterns were cycle sequenced using AmpliTaq and Dye Terminators on an ABI377 DNA sequencer (Applied Biosystems, Foster City, California). Each allele was sequenced from at least two individuals, except BibiDRB3*0601 which was directly sequenced from a single homozygote.
Statistical Methods
Sequences were evaluated using the STAD-EN program package (Dear and Staden 1991) and the MEGA program (Kumar et al. 1993) . A neighbor-joining tree was constructed using the PHYLIP 3.5c package (Felsenstein 1993) based on pairwlse genetic distances calculated with Kimura's two-parameter method (Kimura 1980) . The cattle sequences used in this work were from the literature (Burke et al. 1991; Gelhaus et al. 1995; Mikko and Andersson 1995a; Russell et al. 1994; Xu et al. 1993 ).
Nomenclature
The nomenclature for the bison DRB3 alleles essentially follows the one for cattle (see Mikko and Andersson 1995a) , which is in line with the HLA nomenclature (Bodmer et al. 1995) . We decided to use the designation DRB3 for the bison locus since it is obvious that it Is orthologous to the previously described cattle DRB3 locus. BibiDRB3*0101 is an example of an allele at the bison DRB3 locus. The prefix Bibi in the locus designation is an abbreviation for the taxonomic name of the species as proposed by Klein et al. (1990) . After the asterisk follows the allele designation, composed of four digits, where the first two digits indicate which major allelic type the allele belongs to and the last two digits represent the subtype within a major type; alleles that differ by less than five amino acid substitutions are considered as subtypes.
Results
The Bison DRB3 Locus Is Highly Polymorphic
Sequence and SSCP analysis of 20 animals revealed high polymorphism at the bison DRB3 locus as expected from previous PCR-RFLP studies by Morris et al. (1994) . Nine alleles, seven major types plus two subtypes, were identified (Figure 1) . The polymorphism at this locus was characteristic for a highly polymorphic Mhc locus ( Figure 1 ; Table 1 ); (1) the number of observed alleles was fairly large; (2) there was a large genetic distance between alleles, the number of amino acid substitutions was in the range 3-19 (out of 83 residues compared; Table 1 ); (3) the polymorphism occurred predominantly at residues forming the peptide binding site; and (4) the frequency of nonsynonymous substitutions was significantly higher than the frequency of synonymous substitutions (/" = 4.05; P < .001), showing that this locus has been exposed to selection for polymorphism.
Extensive Sharing of DRB3 Polymorphism Between Bison and Cattle
An extensive sharing of DRB3 polymorphism was obvious when comparing the 9 bison alleles described in this study with the 45 cattle alleles previously documented. The great majority of sequence motifs found in bison has previously been found among cattle alleles. The only sequence motifs unique to bison was arginine at position 59, found In three bison alleles, and alanine at position 77, found in a single bison allele; none of the two residues is in the peptide binding site. In most cases, a bison allele is more similar to one or more cattle alleles than to any other bison allele (Figure 1) . On average the number of amino acid differences between a bison allele and its most similar cattle allele was about 5.5 (range 2-9). Moreover, the frequencies of amino acid and nucleotide substitutions are not higher in Interspecific comparisons than in intraspecific comparisons ( Table 1 ). The data show that the great proportion of genetic diversity present at the DRB3 locus in cattle and bison evolved well before the split between the two taxa. This is also well illustrated by a phylogenetic tree analysis showing that the bison alleles do not form a monophyletic group but are scattered among the cattle alleles (Figure 2) .
Discussion
This study has documented an additional example of a species exhibiting a considerable amount of Mhc class II diversity. The number of bison DRB3 alleles Identified in this limited population sample is not very high, by Mhc standards, but the genetic distances between alleles are as high as for DRB alleles, for example, in cattle and humans (Sigurdard6ttir et al. 1991) . The observed excess of nonsynonymous over synonymous substitutions also provided evidence for positive selection for polymorphism at the BibiDRB3 locus, as previously reported for a number of highly polymorphic Mhc class 1 and class II loci Nei 1988, 1989) . The extensive sharing of polymorphic sequence motifs between bison and cattle DRB3 alleles show that most of the polymorphism detected in this study evolved before the split between cattle and bison and must have been maintained through the bison population bottleneck in the late nineteenth century. Although the bottleneck was dramatic (the population size dropped from tens of millions of animals to less than 1,000) a significant amount of Mhc diversity has been maintained. The result Is not surprising since the population size never dropped below a few hundred animals and the genetic consequences were also most likely limited because the population size Increased rather rapidly after the bottleneck (see Nei et al. 1975) . However, it is likely that the number The figures are given as mean ± SE.
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of Mhc alleles has been reduced considerably and left a subset of the alleles present before the bottleneck. Our results are consistent with previous studies of blood group and protein polymorphisms showing that bison show less genetic variation compared with the domestic cattle (Stormont et al. 1961; Braend and Stormont 1963) . Recent studies of DNA and protein markers have also indicated that the North American bison has a low intrapopulation genetic variability (Bork et al. 1991; McClenaghan et al. 1990) .
A comparison of the bison DRB3 polymorphism with the corresponding locus in cattle reveals a dynamic evolution of Mhc polymorphism In these two closely related species. The DRB3 sequence motifs are virtually identical between the two species and it is obvious that there is a transspecies persistence of allelic lineages. Despite this, we did not find any identical alleles shared between species. The bison alleles differed from their most similar cattle alleles by 2-9 amino acid substitutions and 3-11 nucleotide substitutions ( split between bison and cattle, since in some cases the closest cattle allele may not yet have been sequenced or has been lost from the gene pool. However, this is highly unlikely to be the case for all pairs and the phylogenetic tree analysis indicates that we have identified allele pairs that are direct descendants from an allele present in the common ancestor of bison and cattle (Figure 2 ). The data thus Indicate that the substitution rate for this exon is at least one amino acid substitution per million years; according to this figure a pair of shared alleles should show on average two or more amino acid differences. This is about twice the rate previously estimated for the DRB exon 2 in primates (Klein et al. 1993) . A faster rate of DRB evolution in cattle and bison is also indicated by the lower relative frequency of synonymous substitutions between DRB alleles in cattle and bison than in humans (about 5% and 10%, respectively), despite similar frequencies of nonsynonymous substitutions (about 10%) (Sigurdard6ttir et al. 1991; this study) . There is often a characteristic patchwork pattern of sequence motifs among Mhc alleles, that is short sequence motifs are shared among alleles as illustrated in Figure 1 . This has lead to the hypothesis that interallelic recombination shuffles existing sequence motifs into new allelic combinations (for a review see Andersson and Mikko 1995; Parham et al. 1995; Parham and Ohta 1996) . However, the relative importance of interallelic recombination, compared with accumulation of point mutations for the generation of Mhc polymorphism, is controversial. It has been proposed that the long persistence time of allelic lineages (tens of million of years) makes it possible that the sharing of sequence motifs may be due to convergent evolution (Klein and O'hUigin 1995; O'hUigin 1995) . The characterization of shared allelic lineages in cattle and bison provides a sample of nucleotide substitutions for which a good proportion is expected to have occurred within the last million years subsequent to the split between the two species (see above). This dataset was used in an attempt to evaluate to what extent new point mutations versus recombination events can explain the observed differences. As shown in Table  2 , the great majority of observed nucleotide differences between bison-cattle allele pairs were "shared," that is, the two alternate nucleotides at a given position were found also in other bison and/or cattle alleles. The large proportion of shared motifs is consistent with the fact that interallelic recombination has occurred. This conclusion is also supported by the observed distribution of some speciesspecific motifs. For instance, the codon AGG for arginine at position 59 is found in three out of nine bison alleles but in none of the 40+ cattle alleles (data not shown). The phylogenetic tree analysis (Figure 2) indicates that either this mutation occurred in both the BibiDRB3*04 and BibiDRB3*06 lineages, or a recombination event has transferred the mutation from one lineage to the other. The latter explanation is supported by the observed identity at 20 codons around position 59 between these pairs of alleles, despite the fact that they show nucleotide differences in the rest of exon 2 leading to 10 amino acid substitutions. Similarly, there is a synonymous substitution (CTG to CTA) at position 53 that is present in 18 of the 45 cattle alleles but in none of the bison alleles. Assuming the relationships between 0101-BoLADRB3'0101 BibiDRB3 '0102-BoLADRB3 '0101 BibiDRB3'0201-BoLADRB3'0201 BibiDRB3'0301SoLADRB3'2001 BibiDRB3'0401-BoLADRB3'1901 BibtDRB3 '0501-BoLADRB3 '2101 BibiDRB3 '0601£olADRB3 '2201 BibiDRB3'0602-BoLADRB3*2401 • aUeles presented In Figure 2 , this leads to the conclusion that this point mutation must have occurred about seven times (several of them subsequent to the divergence from bison). If not, recombination events have transferred the mutation among cattle alleles. The former explanation would imply an extremely high mutation rate at this position, which appears highly unlikely since the bison sequences are very similar and we did not find the mutation among the nine bison alleles. Furthermore, synonymous substitutions at positions 85 and 86 are each present in four different cattle allelic lineages, but not yet found in any bison allele. In conclusion, we find that the data strongly suggest that interallelic recombination has contributed significantly to the generation of allelic diversity at the cattle/bison DRB3 locus.
